Introduction
It is widely accepted that many enzymes evolved from preexisting enzymes via gene duplication [l-3] . The results of many elegant studies suggest that nature has used common binding sites and common mechanistic features to catalyze the analogous reactions with different substrates, and, further, has used common mechanistic features to catalyze different reactions [G-13] . Numerous enzyme superfamilies have been identified by sequence and structural homologies. These superfamilies, which share structural and functional features but include enzymes that can catalyze a number of different reactions, provide strong support for the central role of divergent evolution in biology (Figure 1; e.g., [5, .
Enzymes with the c@Lhydrolase fold provide an example of a superfamily with conserved mechanistic features that catalyze an array of different reactions [lo] . These enzymes have the same or/b-sheet architecture and superimposable catalytic triad of an aspartate or glutamate, a histidine, and a nucleophilic residue that is a serine, cysteine or aspartate ( Figure  la) . The conserved histidine, positioned by the aspartate or glutamate, activates the nucleophilic residue for attack, leading to formation of an acyl enzyme intermediate. Different
reactions are catalyzed. however (Figure la) ; for example, acetyicholinesterase hydrolyzes the ester bond of acetylcholine, h>idroxynitrile lyase breaks a carbon-carbon bond to release hydrogen cyanide from a cyanohydrin [32] , semialdehyde dehalogenase cleaves a carbon-carbon bond adjacent to a carbonyl [33] , and haloalkane dehalogenase hydrolyzes carbon-halogen bonds [ 101.
The enzymes of the enolase superfamily also catalyze different overall reactions, but each has a similar a/P-barrel fold and catalyzes the formation of a carbanion intermediate via abstraction of a procon adjacent to a carboxylate, as discussed extensively by Gerlt, Babbit and colleagues [7,X.12]. Superposition of these enzyme structures aligns active-site residues, including a histidine and/or lysine that acr. via general acid/base catalysis and a divalent metal ion that stabilizes the development of negative charge (Figure lb; [6, 7, 27, 31, 3&3X] ).
Conservation
of structural and catalytic features in the a/P-hydrolase-fold superfamily, in the enolase superfamily and in other superfamilies strongly suggests that enzymes in each superfamily arose via divergent evolution from a common ancestor to accept different substrates and to catalyze different reactions [S, 121. Despite the high degree of structural homology, enzymes within superfamilies often share as little as 10% sequence identity ([32] and references therein; see also [7,X?] The overall reaction is shown or an arrow denotes the bond that is broken. (a) The a@-hydrolase-fold superfamily [10,32,331. (b) The enol ase superfamily, shown with a bound enolate intermediate [6-8,27,31,341. (c) The a@-barrelshydrolase superfamily [9] . enzyme adopts a different function (i.e. catalyzes a different chemical transformation) sequence diverges rapidly [39] . The ability of residues that do not contact the substrates to influence substrate specificity and catalytic efficiency is expected to hasten divergence [40-Q] , and distant evolutionary relationships are expected to be difficult to identify solely from global sequence comparisons.
Divergent evolution requires duplication to free a gene from its previous functional constraints. Random drift will cause an accumulation of mutations in duplicated genes, however, many of which will be deleterious to structure and function, thus rendering the probability of obtaining a new function extremely low, even in evolutionary terms [43] . If random drift has such low probability of generating a functional gene, how have enzymes evolved to catalyze such a remarkable diversity of reactions? Perhaps enzymes that evolved to catalyze one chemical transformation can, with some frequency, also catalyze alternative reactions at a low level. Such alternative activities might then provide the raw material for the evolution of new enzymes, as a newly duplicated gene that has an activity near the threshold level required to provide a selective advantage would have a head start towards being captured by adaptive evolution (Figure 2 ). Uncovering and understanding such activities could provide information about past and present evolutionary potential and pathways and could also help to guide random or directed engineering of enzymes with new activities. The ideas presented in this review are related to and extend the hypothesis presented by Jensen [3] for the creation of new metabolic pathways from enzymes that were capabl e of accepting a wide range of related substrates [44, 45] . We first describe several examples of enzymes that have been demonstrated to catalyze more than one type of reaction. These activities apparently represent the fortuitous use of active-site features to catalyze an alternative reaction, and we refer to this as catalytic promiscuity.
Next we describe examples of enzymes that catalyze an alternative reaction and are evolutionarily related to modern Review Catalytic promiscuity O'Brien and Herschlag R93 enzymes whose physiological function is to catalyze this second reaction. This raises the possibility that a modest level of promiscuity has indeed played a role in divergent evolution.
We then review several successes in protein engineering in which pre-existing enzymes have been modified to carry out new activities. These examples show that single mutations can provide substantial contributions towards the optimization of a new activity. Finally, we discuss the possible role of catalytic promiscuity in the evolutionary divergence between enzyme superfamilies.
Catalytic promiscuity of enzymes
It has long been recognized that most enzymes accept some alternative substrates, usually substrates that are very similar to the normal substrates [a]. Here we introduce another level of catalytic promiscuity: enzymes with an ability to catalyze multiple chemical transformations that are normally classified as different types of reactions (e.g., different
bonds are broken). The examples in Table  1 indicate that some active sites can catalyze seemingly disparate reactions. We further suggest the possibility that many enzymes are able to provide a low level of activity in alternative reactions.
A simple and common type of catalytic promiscuity is exemplified by chymotrypsin, which catalyzes the hydrolysis of many different types of compounds, including amides, esters, thiol esters, acid chlorides and anhydrides [46] . Although bonds to different atoms are broken in each case, all of these substrates are thought to react via similar tetrahedral transition states or intermediates, with attack by a serine nucleophile at a carbon);] carbon in the first step of the reaction ( Figure 3a shows the amide reaction). Chymotrypsin also catalyzes attack on a tetrahedral phosphoryl group, however, a reaction that proceeds via a trigonal bipyramidal species (Figure 3b ). This alternative reaction, which results in covalent modification of the enzyme. involves attack on a different atom, with different geometry, and involves cleavage of a different type of bond. These adducts and reactions have been extensively characterized in several cases. The activated serine nucleophile is used in both reactions, and the oxyanion hole may be able to stabilize the buildup of charge in the transition states for both acyl transfer and phosphoryl transfer (e.g.: see 147,481 and references therein). Chymotrypsin therefore exhibits catalytic promiscuity by catalyzing both amidase and phosphotriesterase reactions at its active site.
Bovine carbonic anhydrase II has been reported to have phosphotriesterase activity, in addition to its carbon esterase activity and its physiological CO2 hydratase activity (k-191; for a recent review of carbonic anhydrase. see [SO] ). The Znz+-coordinated hydroxide ion that is the nucleophile for attack on a carbon ester or carbon dioxide via a tetrahedral transition state is also able to attack a phosphotriester. a reaction proceeding via a pentavalent transition state. 
Hi s67 I Chemwy & Bwlogy different reactions (e.g., [X,12] ). Furthermore. there is typically a concentration of potentially catalytic groups, such as metal ions, general acids and bases, hydrogen-bond donors and acceptors, nucleophiles, and bound cof'xtors, within an enzymatic active site. These functional groups could allow low levels of catalysis of alternative reactions, in which the role of these groups is the same or different as in the primary reaction.
Although the catalytic proficiencies for the alternati1.e reactions in Table 1 are smaller than for their primary activities. substantial rate enhancements over the uncatalyzed reactions are achieved. These activities might approach or surpass the level required for a selective advantage under certain conditions. This could provide a duplicated gene that has an important head start towards being captured and optimized by adaptive evolution (Figure 2 ).
Examples of catalytic promiscuity in divergent evolution
Several enzymes have been found to have a low level of an alternative activity similar to the physiological activity of an evolutionarily related enzyme (Table  2) . These examples, discussed below, raise the possibility that the emergence of a new enzyme might have been facilitated by catalytic promiscuity.
Alkaline phosphatase
Alkaline phosphatases share a high degree of structural similarity with arylsulfatases, despite their low sequence similarity. Superposition of the central 0 sheets of Escherichia co/i alkaline phosphatase and arylsulfatase B results in a root mean square deviation of 1.9 A for 169 Ca atoms (Figure 4a ; [60] ). This structural superposition aligns the nucleophilic residues, the phosphoryl/sulfuryl moieties, and divalent metal ions at the active sites, strongly suggesting that these two families of enzymes are distantly related b>-divergent evolution [60, 61] . The recent observation that E. cali alkaline phosphatase has a low level of sulfatase activity raises the possibility that this activity played a role in the divergence of arylsulfatases and alkaline phosphatases ([62]: Table 2 ). Alkaline phosphatases and arylsulfatases have been grouped into a superfamil>-on the basis of conserved metal-binding ligands [21] , and one member of this superfamily, autotaxin, was suggested to have both phosphatase (i.e. phosphomonoesterase) and phosphodiesterase activity [63, 64] . Alkaline phosphatase and arylsulfatase A also show phosphodiesterase activity, further extending the functional inter-relationship between members of the alkaline phosphatase superfamily (Table 2 ).
An ancestor of alkaline phosphatase might have been duplicated at times when there were selective advanmges for hydrolysis of sulfate esters or phosphate diesters. Natural selection could then have improved these promiscuous activities, ultimately resulting in the evolution of the efficient sulfatases and phosphodiesterases that are the current members of the alkaline phosphatase superfamily.
Adenylate kinase
Recently it was recognized that estrogen sulfotransferase, a sulfur-y1 transfer enzyme. is structurally homologous to a family of kinases that includes adenylate kinase. a phosphoryl transfer enzyme ( Figure Sa: [65] ), suggesting that these R96 Figure  7a ; 17.5, 771). catalyzes a low level of P-decarboxylation, but mutants with increased mPhytase, an acid phosphatase with a different fold than the vanadiumactivity have also been identified (see Table 3 ; [79, 60] enzymes evolved from a common ancestor [65] . The biological role of adenylate kinase is to transfer a phosphoryl group from adenosine 5'-triphosphate to adenosine S'-monophosphate, but adenylate kinase also has a modest ability to transfer a sulfuryl group to adenosine 5'-monophosphate (Table 2; [66]). Estrogen sulfotransferase catalyzes a reaction analogous to this promiscuous activity of adenylate kinasethe transfer of a sulfuryl group from 3'-phosphoadenosine 5'-phosphosulfate to estrogen (Figure 5b ). Both enzymes have a binding pocket for an adenine nucleotide and several of the residues responsible for binding are conserved [65]. These results suggest an evolutionary diversification of enzymatic function facilitated by catalytic promiscuity, as outlined above for the alkaline phosphatase superfamily. also have phosphatase activity when vanadate is not present ( There is considerable evidence that enzymes within the same metabolic pathway and within parallel metabolic pathways are often related to one another by divergent evolution [3, 5, 27, 44] . For example, threonine synthase and threonine dehydratase catalyze consecutive steps in threonine metabolism ( Figure  7a ). Threonine synthase from Analysis of sequence conservation and structural homology between these and other pyridoxal-phosphate-dependent enzymes has identified larger superfamilies of related enzymes that have apparently diverged to catalyze different types of reactions, such as transamination, racemization and a-decarboxylation, in addition to the y-elimination and p-elimination reactions discussed above (for reviews, see [14, 45, 78] ). Many pyridoxal-phosphate-dependent enzymes catalyze side reactions that correspond to the main reaction of other pyridoxal-phosphate-dependent enzymes [14] . Aspartate aminotransferase provides a particularly wellstudied example of a promiscuous pyridoxal-phosphatedependent enzyme. Normally it transfers the amino group of aspartate or glutamate to Z-oxoglutarate or oxaloacetate (Figure 7b ), but aspartate aminotransferase also has low levels of a-carbon racemization, P-decarboxylation and p-elimination activities (e.g., [79, 80] ). As shown in Figure 7b . these different reaction pathways branch after formation of a common quinonoid intermediate [78, 80] . Furthermore, extensive mutagenesis has shown that substrate specificity and reaction specificity can be altered by a single mutation in aspartate aminotransferase (e.g., [42, ; see also . These observations suggest that the catalytic promiscuity of pyridoxal-phosphate-dependent enzymes could have facilitated the emergence of the current diversity of these enzymes [45]. This mutation introduces an active-site glutamic acid that is conserved as a histidine in Sb-reductase and conserved as a glutamic acid in 3~HSD.
The ability of a point mutant of 5p-reductase to catalyze the ~CZ-HSD reaction provides strong functional evidence that these exhibit promiscuity by catalyzing nucleophilic attack on nitriles. Their nitrile hydratase activities have been greatly improved by addition of a general acid residue (Table 3 ; [99, 100] ). Single point mutations, Gln19-+ Glu in papain and Asn74--+Asp in asparagine synthetase B, increase the rate of multiple turnover by more than lo-'fold. It has been suggested that the introduced residues act as general acids that facilitate the successive additions of water required to convert the nitrile to its carboxylic acid and ammonia products [99, 100] .
Cyclophilin: proline isomerase+proline-specific endopeptidase Cyclophilin catalyzes proline isomerization in polypeptides. It was recently engineered to become a proline-specific endopeptidase (Table 3: [loll) . A series of mutations that add functional groups to the active site, Ala91+Ser/ PhelO4+His/Asn106+4sp, increases k,,JK\, for the endopeptidase activity by 10h-fold relative to wild-type cyclophilin. Strikingly, the ArgC)l+Ser mutation alone gives an -lo"-fold increase in endopeptidase activity, suggesting that catalytic machinery for this reaction is already present in the active site [loll.
L-RibuloseG-phosphate 4-epimerase: epimerase+aldolase A key enzyme in the bacterial arabinose metabolic pathtvay is t,-rib&se-S-phosphate 4-epimerase (L-R~~P epimerase). which catalyzes the inversion of stereochemistry at C-4 of the sugars I,-ribulose-S-phosphate and D-xylulose-S-phosphate, thereby connecting arabinose metabolism with the pentose phosphate pathway (Table 3) is not expected for all examples of enzymes with close evolutionary relationships. In some cases the alternative activity will be below the threshold for selection, but within reach of a selectable level with a limited number of mutations, and in other cases the alternative activity will have been selected against or simply eliminated over the course of evolution.
Enzyme superfamilies have been identified by common structural and mechanistic features that are shared among members, but there is also structural homology between a number of different superfamilies.
For example, 18 different superfamilies share the a/b-barrel fold [106-1091. Could catalytic promiscuity have played a role in the mechanistic divergence between these structural relatives? As noted above, active sites harbor a high concentration of functional groups that can play a variety of roles in different reactions. There is no reason to expect the alternative reactions to use active-site groups in the same roles that these groups are used in the normal reactions. For example, a divalent metal ion activates a hound water for nucleophilic attack in a/P-barrel-hydrolase superfamily reactions, whereas a divalent metal ion stabilizes negative charge accumulation on the enolate intermediate in enolase superfamily reactions (Figure 1; [6, 8, 9.12] ). As both enzymes share the overall alp-barrel fold, it is tempting to speculate that the bound metal ion in one member of one of these superfamilies could have, along with other activesite features, fortuitously provided a low level of activity for a reaction of the other superfamily.
Although we are not aware of any convincing evidence to support this particular evolutionary pathway, this example underscores that it is common to see the same functional group carrying out different roles in different enzymatic reactions. The versatility of active-site functional groups, and the congregation R102 Chemistry & Biology 1999, Vol 6 No 4 of these groups within active sites, might have allowed catalytic promiscuity to participate broadly in the divergence of enzymatic catalysis.
Conclusions
Uncovering how nature has created such a wealth of enzymatic diversity remains a fascinating challenge. The diversity of alternative reactions catalyzed at enzyme active sites and the above analysis suggest that a low level of catalytic promiscuity could be a common characteristic of enzymes. h low level of activity for a different reaction can greatly increase the probability that a duplicated enzyme will evolve to catalyze that new reaction by providing, or facilitating the establishment of, a selec- [8, 9, 12] . We expect that increased understanding of chemical mechanisms and the role of active-site features will continue to enrich our understanding of molecular evolution.
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